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CHEMIOSMOTIC COUPLING
Protons fast and slow
Recent measurements show that the proton movements
of chemiosmotic energy coupling may occur preferentially
by localized movements along membrane surfaces.
A central responsibility of the membranes of mitochon-
dria, thylakoids and bacteria is energy transduction.
Thus, the inner mitochondrial membrane and the cyto-
plasmic membranes of most species of bacteria have
components that catalyze the energetically downhill flow
of electrons, which in turn is coupled to the synthesis of
ATP and the powering of other endergonic (uphill)
processes. A similar process of ATP synthesis is powered
by photosynthetic electron transport chains of some bac-
terial species and the thylakoid membranes of plants. For
approximately twenty years, it has been generally agreed,
in accordance with the chemiosmotic theory, that the
coupling of electron transfer reactions to ATP synthesis is
mediated by a proton electrochemical gradient, often
alternatively called a protonmotive force, generated across
these membranes by electron-transport-linked proton
translocation.
A proton electrochemical gradient has a precise meaning:
it is the sum of the pH gradient and membrane potential
across the appropriate membrane. In some circumstances,
for reasons explained elsewhere [1], the membrane
potential is the dominant term - this is true of mito-
chondria, for example - whereas in others - especially
thylakoids - the pH gradient is dominant. These terms
- pH gradient and membrane potential - refer to dif-
ferences between the bulk aqueous phases on the two
sides of the membrane. Despite the general acceptance of
the importance of bulk phase gradients, there has been
significant consideration given to the possibility that pro-
ton movements are not exclusively via the bulk aqueous
phases. New measurements [2] of rates of proton move-
ments along distinct pathways bear on this issue.
Knowledge of the magnitude of the proton electrochem-
ical gradient is vital not only for substantiation of the
chemiosmotic theory but also for defining certain key
mechanistic features of the proteins that participate in
energy coupling. The latter point is illustrated by consid-
ering ATP synthesis catalyzed by ATP synthase, the
structure of part of which was recently elucidated by
Abrahams et al. [3]. This enzyme can be driven by the
proton electrochemical gradient until the poise of the
[ATP]/[ADP][Pi] ratio (where Pi stands for inorganic
phosphate) reaches, or closely approaches, an equilibrium
value with the gradient. The position of this equilibrium
will depend on the stoichiometric number of protons
moving through the ATP synthase, and thus across the
membrane, per ATP molecule synthesized [1]. For any
value of the gradient, the maximum [ATP]/[ADP][Pi]
ratio will increase with this number. It is assumed that
this stoichiometry, often termed the H+/ATP ratio, is a
constant; knowledge of its value obviously has crucial
mechanistic implications for the ATP synthase.
The H+/ATP ratio is presently taken to be three, but this
is not unambiguously established. It is not beyond the
bounds of possibility that in several years time the whole
structure of the ATP synthase enzyme will be known
with the stoichiometry still remaining uncertain.
Unfortunately, the vital H+/ATP ratio is not easy to
determine experimentally. One method for its estimation
is to compare, under a given set of conditions, the free
energy of ATP synthesis with the proton electrochemical
gradient [1]. The difficulty is that the gradient can only
be determined by indirect methods [1]. Although many
estimates of the gradient are consistent with an H+/ATP
ratio of three, over the years there have been reports [4]
of values of gradients that are of such low apparent mag-
nitude that the number of protons per ATP becomes
implausibly high, the efficacy of the proton electrochem-
ical gradient is called into question, or the methods for
determining the gradient have to be deemed as unreliable
under the particular set of conditions tested.
One of the studies [5] that reported an inadequate proton
electrochemical gradient was on cells of Halobacterium sali-
narium (the new name for the well-known bacterial
species Halobacterium halobium), in which the generator of
the proton gradient is the light-dependent proton pump
bacteriorhodopsin. A distinctive feature of this protein is
that it occurs in membranes in specialized areas, often
known as purple patches, which are spatially separated by
some distance from the ATP synthesizing enzyme. The
coupling between the primary proton-pumping activity
of the bacteriorhodopsin and the proton-driven ATP
synthesizing enzyme would seem to be a clear example of
a 'delocalized' mechanism of exactly the type postulated
by the chemiosmotic theory, involving proton move-
ments in the bulk aqueous phases. Thus, Michel and
Oesterhelt's report [5] that, under some conditions, the
proton electrochemical gradient was too small to account
for observed ATP synthesis by cells of H. salinarium, was
striking and at face value a contradiction of basic premises
of chemiosmotic theory. The authors concluded that
"pumped protons can be used for ATP synthesis before
they equilibrate with the protons in the extracellular bulk
phase". If valid, this would mean that analysis of a bulk
aqueous phase proton electrochemical gradient is not
necessarily directly relevant to the analysis of energy
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Fig. 1) of a proton from the bulk aqueous phase, corre-
sponding to its uptake by the cytoplasmic surface of the
bacteriorhodopsin.
Fig. 1. The movement of protons following light-driven proton
translocation by bacteriorhodopsin contained in open sheets of
membranes. Probes 1 and 2 are fluorescent reporter groups,
covalently and specifically attached to the polypeptide chain at
the sides that originally faced the external medium (E) or the
cytoplasm (C). Fluorescence probe 3 is located in the bulk
aqueous phase. For technical details see 12].
transduction. This would be a profound change in our
understanding of energy transduction.
Michel and Oesterhelt's conclusion, together with others
from similar lines of investigation [4], has not gained gen-
eral acceptance, presumably because most workers in the
field doubt that it is physically possible to prevent equili-
bration of translocated protons with the bulk aqueous
phases on either side of a membrane. Nevertheless, con-
cern that bulk phase pH gradients and membrane poten-
tials might not provide the complete picture of the
intermediate in energy coupling is an issue that has con-
tinued to provoke thought in this area for many years. In
a recent contribution, Heberle et al. [2] have returned to
the issue of whether protons pumped across a bilayer
membrane by bacteriorhodopsin do indeed equilibrate
with the bulk aqueous phase. Their work bears on the
issue of whether transmembrane proton electrochemical
gradients are the relevant parameter for energy coupling.
The new experiments [2] involved measuring the rates at
which protons, translocated across a membrane by bac-
teriorhodopsin, migrate on the one hand out into the
bulk aqueous phase and on the other along the surface of
the membrane. Such proton movements were detected
by judicious positioning of fluorescent reporter groups,
either covalently attached to the surfaces of the bacterio-
rhodopsin protein or unambiguously located in the bulk
aqueous phase (Fig. 1). Following single light-flash acti-
vation of the bacteriorhodopsin, proton appearance in
the bulk phase was significantly retarded (by a half-time
factor of about eight-fold) relative to proton migration
along the surface of the membrane. Open sheets of
membrane-bound bacteriorhodopsin (Fig. 1) were used,
so it could be shown that protons migrated round the
edge of the sheets faster than they entered the bulk
aqueous phase. The final proton movement observed
was the slow disappearance (monitored by probe 3; see
The basis of this observed behaviour was argued to be
the unexpectedly slow movement of protons into the
bulk aqueous phase following their translocation across
the membrane. The physical basis for the retardation is
not understood. The implication from the findings is
that protons might flow from a proton-translocating
molecule - components of an electron transport chain,
for example - to a consumer of the translocated protons
- such as ATP synthase - along the surface of the
membrane in which they are embedded, without equili-
brating with protons in the bulk aqueous phase. Figure 2
shows how such proton movement might occur in a rel-
atively local sense, so that translocated protons migrate
preferentially to the nearest consumer of the proton
electrochemical gradient, ATP synthases in this case.
Such local circuits would be superficially analogous to
those described for the propagation of action potentials
along axons. But in making this comparison, one should
bear in mind that the rate of ion flow through proton
electrochemical gradient generators, such as bacteri-
orhodopsin, and consumers, such as ATP synthase, is
much lower than through the ion channels of the axon.
This may well mean that the occurrence of local per-
turbations of the electrical potential, and thus induction
of local circuits, may be less significant in the case of
energy transduction processes.
Fig. 2. A diagram showing the possible predominant routes of
proton movement along the surface of a membrane from a gener-
ator (G) of proton electrochemical gradient to the ATP synthase
enzyme. The bulk phase membrane potential (Au) and pH gradi-
ent (ApH) are also shown. Protons are shown as not passing
through the globular region of the.ATP synthase on the basis of
the structural work of Abrahams et al. [3]. The protons are
thought to drive 'at a distance' ATP synthesis on the enzyme.
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Whatever the correct view of the latter issue, Figure 2
shows the bulk aqueous phase pH gradient and mem-
brane potential because, even if in the short term -
microseconds following short flash activation of a proton
pump - proton movement into the bulk phase is
retarded, it is difficult to avoid concluding that in the
steady state - seconds and upwards - there will be
equilibrium with the bulk aqueous phases. Indeed, once
a translocated proton has crossed the dielectric barrier of
the bilayer membrane, it is inevitable that a membrane
potential is set up. Thus, whilst the very interesting
experiments of Heberle et al. [2] provide new insight
into the possible routes of proton movement, they do not
appear to require any reconsideration of the thermo-
dynamic status of the proton electrochemical gradient in
energy coupling.
Protons may move by mechanisms not available to
cations in general, not least because, in biological sys-
tems, buffering groups are more extensively provided for
protons than for other ions. It is therefore interesting to
ponder on a situation in which Na+, rather than H+, is
the coupling ion. The energy coupling process in the
bacterium Propionigenium modestum involves a decarboxy-
lase enzyme that pumps Na+ out of a cell, and an ATP
synthase of the type described by Abrahams et al. [3] that
is driven by movement of Na+ down its electrochemical
gradient [6]. This system raises many interesting ques-
tions, most notably that of how the ATP synthase is
modified in the transmembrane sector (the part of the
enzyme that has not yet been crystallized) so as to couple
Na+ rather than H+ movement to ATP synthesis. In the
present context it would be interesting to know whether
the retarded movement of H+ to the bulk phase seen by
the system described in Figure 1 would also be detected
for Na+. The answer to this question would shed light on
the basis for the retarded H+ movement, but obtaining it
would require Na+-sensitive probes.
In conclusion, the intriguing experiments of Heberle et
al. [2] show that the migration of protons immediately
following their translocation across a bilayer can occur
preferentially along the surface of the membrane, leading
to the possibility of relatively localized pathways of pro-
ton flow, as shown in Figure 2. The basis for this behav-
iour is not fully understood, but once such protons have
crossed the dielectric core of the membrane the mem-
brane potential between the bulk aqueous phases is,
according to current understanding, inevitably generated
irrespective of any kinetic barrier for passage of protons
into the bulk aqueous phase.
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